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ABSTACT
Indwelling urethral catheters are both important and convenient biomedical devices for
many people. They provide incontinent and/or paraplegic patients an involuntary method of
emptying their bladder. The catheters are inserted through the patient’s urethra to the posterior
portion of the bladder. A balloon is inflated with water to keep it secure and in place. The tip of
the catheter has an eyehole exposing the lumen of the catheter. The urine in the bladder drains
through the lumen and out of the body into a collection bag. Catheters can potentially have 2
problems. First, they are prone to calcium/magnesium phosphate buildup on the surface and lumen
of the catheter. This could obstruct the flow of urine making emptying the bladder difficult or
impossible. Buildup on the surface of the catheter could also make removal of the catheter painful
or even impossible without surgery. Secondly, catheters provide bacteria a route to travel to the
kidneys to cause urinary tract infections. This could lead to long term problems such as chronic
kidney disease.
The primary culprit for these infections is the bacterium Proteus mirabilis. This bacteria
has the ability to swarm on the catheter surface and travel to the bladder. It then secretes an enzyme
called urease. This enzyme catalyzes a hydrolysis reaction converting urea into ammonia which
eventually leads to nucleation of calcium and magnesium phosphate which can adhere to the
catheter. The bacteria then differentiates into a swarmer bacteria and travels along the catheter
surface to the kidneys where it causes urinary tract infections. The bacteria can easily adhere to
hydrophilic surfaces and express factors to adhere to hydrophobic surfaces.
This research will aim to prevent these problems through the use of antibacterial coatings
on the surface and lumen of the catheters. Different techniques were tested such as disrupting the
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bacterial membrane as well as inhibiting bacterial attachment altogether. These coatings should
extend the indwelling time of catheters significantly. By inhibiting the bacteria, urinary tract
infections and catheter encrustation will be significantly reduced compared to the current catheter
designs. Surface characterization techniques and antibacterial assays were run to test the efficacy
of the coatings.
Of six coatings that were tested, two were able to inhibit biofilm formation significantly
better than the current commercially used method of silicone according to a crystal violet assay.
One of the coatings, 11-mercapto-trimethylamine (11-MTA) was able to permeabalize very well
killing over 90% of all bacteria on the surface. These results showed that amphiphillic cationic
molecules are lethal to the membranes of gram-negative bacteria. During this research, a long term,
and effective method was developed for preventing urinary tract infections and catheters
encrustations for patients who use long term urethral catheters.

xi

1.0 INTRODUCTION
Indwelling urethral catheters are very useful medical devices. They are able to drain urine
from the bladders of incontinent patients. They have no problems serving their purpose for short
periods of time. However, after indwelling for a significant period of time, they are prone to
biofilm buildup. Biofilm is a polymer matrix that results from bacteria adhering to a surface and
secreting insoluble gelatinous exopolymers [4]. Once the bacteria adheres to the catheter surface,
it starts to grow and multiply. Catheters can accumulate up to 5 x 10^9 viable cells per square
centimeter after indwelling for six months [5]. The most devastating biofilms for catheters are in
the crystalline form. This presents a significant problem for long term indwelling urinary catheters.
These problems are difficult to resolve and could cause long term complications for patients using
catheters. Indwelling urethral catheters should have an indwelling time of at least 6 months to serve
their application. When catheters are in the urinary tract for a period of a few weeks or more, they
are at risk for becoming encrusted with biofilms. This makes the material more crystalline and
more difficult to remove. For this reason, indwelling urethral catheters are commonly replaced
after a certain time period depending on the type of catheter [26]. This encrustation normally
consists of the formation of hard gritty deposits that form on the tip or inside of the lumen of the
catheter. Three common materials that make up this encrustation are struvite, (ammonium
magnesium phosphate hexahydrate) hydroxyapatite, and other biological polymers [6]. All these
materials together make up biofilm on the catheter. If a patient has proteinuria, the proteins can
also adhere to and disrupt the catheters [33]. Infections from bacteria can cause these proteins to
crystalize to cause further complications such as catheter blockage and leakage.
In the urinary tract, bacteria exist that are able to metabolize urea into ammonia and carbon
dioxide. The most common one is the urease (urea amidohydrolase) producing bacterium Proteus
12

mirabilis [7]. This bacterium is not found very often in people using catheters for periods of time
of less than a week. For long term users however, it is found isolated in 40% of urine samples [5].
Proteus mirabilis is commonly found in the bladder and in kidney stones. It is an organism that is
capable of forming crystalline biofilms in many ways. The adherence of proteins to the catheter is
the first step of encrustation. This is due to electrostatic and polarity forces as well as the fluid
environment. By utilizing proteins, Proteus mirabilis or other bacteria are able to rapidly coat to
the surface of the catheter. Although a hydrophobic silicone surface is commonly used as coating
for catheters, it has been proven that P. mirabilis can coat to this surface. Urease is the driving
force of the calcification [28]. This potent enzyme is a catalyst that hydrolyzes urea causing the
formation of ammonia [45]. The chemical equation is (NH2)2CO + H2O → CO2 + 2NH3. This
reaction does not occur in the urinary tract without this enzyme. When this occurs, the normal pH
of urine (6.2) is increased to 8 due to the ammonia. A pH of around 7.6 is the threshold for calcium
phosphate/ magnesium phosphate nucleation [8]. The increased pH causes the calcium and
phosphate ions to precipitate into hydroxyapatite and struvite crystals. This process can be seen in
the flow chart in Figure 1.1 below.

Figure 1.1: The chain of events leading to catheter encrustation starting with Proteus mirabilis
attachment.
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This mechanism is utilized by the bacteria as a means of survival. Unfortunately, this
precipitation causes many problems. Urine flow could be obstructed causing user incontinence due
to leakage or painful distention of the bladder to urinary retention. The drainage lumen could
become blocked causing the catheter to stop functioning all together. The longer a period of time
a catheter is inside a patient, the greater chance they have of developing a urinary tract infection.
During the removal process, the hard material could cause abrasion to the urethral mucosa [1].
Episodes of pyelonephritis and septicemia could result from the biofilm formation. Encrustation
can also lead to infection which will be discussed more below.
Another major problem with long term indwelling urethral catheters is the risk of infection.
Each year there are about 1.7 million infections in hospitals and 32% of these are urinary tract
infections [9]. Nearly 100% of patients with these catheters show some sign of colonized bacteria.
Urinary tract infections are one of the most common infections. Ninety percent of urinary tract
infections are due to the presence of catheters [3]. This is most commonly due to the presence of
Proteus mirabilis. This strain of bacteria has the ability to differentiate from a harmless “swimmer”
bacteria into a much more dangerous “swarmer” bacteria [45]. The differentiation includes a size
increase of 20-40x, growth of hundreds to thousands of flagella that allow migration along a solid
surface, and greatly increased urease production [10, 44]. Swarming bacteria provide a serious
problem for people who use long term indwelling urethral catheters. The catheter provides a solid
surface for the bacteria to swarm on. They can travel to the bladder where they secrete urease to
cause encrustations on the catheter. They can eventually travel to the kidneys and cause upper
urinary tract infections leading to chronic kidney disease.
The most direct way to prevent urinary tract infections and encrustations on urethral
catheters is to prevent adherence and swarming of Proteus mirabilis. This is accomplished in three
14

main ways in the literature. The first way is to inhibit surface contact at the bacteria/catheter
interface. Contact with a solid surface causes the bacteria to grow thousands of flagella or fimbriae
allowing it to adhere and travel along the catheter surface [11, 44]. The second way is through the
inhibition of flagellar rotation of the bacteria [44]. When the bacteria encounters a highly viscous
environment it can no longer swim and therefore differentiates into a swarmer cell able to travel
on highly viscous and solid surfaces [12]. The third way is to inhibit the cellular signaling process
that leads to differentiation [44]. There are many amino acids, fatty acids, and polyamines in the
urine that can act as swarming cues for Proteus mirabilis [13]. The functionalities of these
molecules help bacteria to adapt to a change of environmental conditions. When the bacteria comes
into contact with a solid surface (a catheter), these functional molecules provide a cue for
differentiation.
There is a growing need for longer lasting urethral catheters as the mean age for our
population increases. In this work, antibacterial coatings are covalently bonded to a silicone
surface to inhibit bacterial attachment and growth. A mussel inspired intermediate layer is used to
graft the chemicals onto the material surface. Organosiline chemistry is also used directly on
silicone rubber. Various characterization methods were used to verify the presence of these
coatings. Antibacterial testing was done to determine the effect of the coatings on the bacteria.
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2.0 LITERATURE SURVEY

2.1 Current Status of Catheters
A variety of indwelling urethral catheters are used today. The most common indwelling
urethral catheter used is the Foley catheter made out of latex. The latex is stripped and silicone or
a hydrogel is coated onto the surface [1]. A typical Foley catheter can be seen in Figure 2.1 below.
They also contain an inflatable balloon to keep them in place. These catheters are safe and inert.
However, bacteria have no problem attaching to them and swarming on the surface. Other common
catheters being used today are silver coated catheters. Silver is widely known to have good
antibacterial properties. While effective, these catheters can lead to bacterial resistance overtime.
Two of the major problems associated with these catheters are encrustation of the device
and urinary tract infection due to biofilm formation. As a result, approximately 80% of patients
with these catheters experience irritative symptoms, hematuria, fever, significant and symptomatic
bacteriuria, and persistent discomfort or decreased libido [2]. Within 4 weeks of catheterization,
90% of patients will develop bacteriuria [3]. About 40% of all infections in a hospital setting are
UTI’s [23]. Also, approximately 450,000 people develop catheter associated urinary tract
infections (CAUTI) every year in the United States [21]. An encrusted catheter can be seen in
figure 2.2 below.
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Figure 2.1: A typical Foley catheter. They are typically coated in polydimethylsiloxane (PDMS).
It has two ports with two inner lumens. One is to drain the urine and the other inflates a balloon to
keep the catheter stationary [17].

Figure 2.2: A silicone catheter with severe encrustation. It has been indwelling for 8 weeks and
the flow of urine was almost completely halted [5].

2.2 Current Solutions
2.2.1 Biosurfactants
Biosurfactants are chemicals produced by living cells. Janek et al. [14] tested the
antimicrobial properties of the biosurfactant pseudofactin to different strains of bacteria such as
Escherichia coli, Enterococcus faecalis, Enterococcus hirae, Staphylococcus epidermidis, and
Proteus mirabilis. Pseudofactin is a biosurfactant that is fairly biocompatible in addition to being
antimicrobial. Through bacteria cultures with the surfactant solution, they found that microbial
adhesion was greatly diminished. He also found that the concentration of pseudofactin was
significantly dose independent. Even very low concentrations of the surfactant greatly inhibited
17

bacterial adherence. While tests were done on silicone catheters however, no coating process or
long term degradation tests were done for its long term effectiveness besides incubating it in a
bacterial solution overnight.
2.2.2 Coatings
A variety of coatings have been tested to inhibit bacterial formation on catheter surfaces.
Kowalczuk et al. [19] investigated the antimicrobial effects of binding sparfloxacin to heparin.
They found that catheters coated with the sparfloxacin significantly inhibited growth and adhesion
of E. coli, S. aureus, and S. epidermidis. Proteus mirabilis however was not tested. Also, it is not
economical to use heparin due to its price. Many other fluroquinones like sparfloxacin possess
antimicrobial properties and are currently being investigated [22].
Sanker et al. [33] coated latex with a polyethylene glycol hydrogel to determine if it has
antifouling affects by preventing biofilm formation. They found that it significantly inhibited
protein absorption on the surface of the material. This led to less biofilm formation and less
encrustation on the latex surface. While the results are good in terms of preventing biofilm
formation from proteins, a PEG hydrogel does not completely inhibit bacteria formation.
2.2.3 Flagellar Inhibition
Lee et al. [12] investigated the effect on flagellar proteins on the ability of Proteus mirabilis
to swarm. These proteins rotate and are able to detect solid or highly viscous media signaling the
bacteria to differentiate. They found that the protein FliL is primarily responsible for this. A
knockout mutant was used to inhibit this protein by binding to it to see the result on bacterial
swarming ability. It was found that inhibition of this protein lead to bacteria that could not swarm.
The bacteria produced conformational changes making it look like a swarming cell, however it
lacked the functions. The primary difference was that the Proteus mirabilis was not

18

hyperflagellated like a normal swarmer cell. Much research is still required in this area to further
understand this mechanism before it can be applied to urethral catheters.
2.2.4 Swarming Cue Inhibition
Armbruster et al. [13] investigated potential swarming cues that could be found in the
human urine. The cues that promoted swarming were L-Arginine, L-glutamine, DL-histidine,
malate, and DL-ornithine. They caused significant bacterial growth on a solid bacteria culture. Of
the five that promoted swarming, L-glutamine was the primary cue as seen in their motility assay
results. The mechanism to why this occurs still needs to be determined. Molecules such as 6-Diazo5-oxo-L-norleucine (DON) and bis-2-(5-phenylacetimido-1,2,4-thiadiazol-2-yl)ethyl sulfide
(BPTES) have the ability to inhibit glutamine through alkylation, however they are either non
soluble or non-specific [18]. They may also have detrimental effects to essential protein synthesis.
2.2.5 Biodegradation
Other research is aimed at killing bacteria by using a controlled release through a
biodegradable coating. Rachna et al. [24] investigated the effects of bacterial inhibition of the drug
gentamicin. It was dissolved in a buffer with polycaprolactone (PCL) at various concentrations
and dip coated on a catheter surface. The release was tuned by the amount of drug loaded to the
polymer. The gentamicin did show bacterial inhibition to Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus with a controlled release ranging from 33 hours to 16 days.
While this study is promising, 16 days is not a long enough time period for indwelling urethral
catheters. Also, Proteus mirabilis has shown resistance to antibacterial molecules such as
Chlorhexidine [27].
Similarly, Hans et al. [25] tried a biodegradable approach to combat bacteria by using
gentamicin and teicoplanin via a poly lactic acid (PLA) degradation. They were also able to get
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good inhibition, however, only for a few days. Biodegradable approaches are difficult to
incorporate into urinary catheter coatings due to the time required to inhibit bacterial growth and
adherence.
Previous work was also done during this research project to prevent encrustations on
catheter surfaces. The objective was to chelate the calcium ions in an artificial urine solution and
prevent them from nucleating out of solution. This was accomplished by increasing the citrate
concentration of the urine. Citrate is a common chelator of calcium ions. An artificial bladder
model was set up for this experiment which can be seen in Figure A-1 in the appendix. Essentially,
a solution of artificial urine flowed through a catheter at a constant flow rate. An artificial urine
solution of normal citrate concentration was compared to one with twice the amount. The time was
measured when the urine flow was blocked due to encrustation. It was found that the catheter with
the urine with increased citrate concentration lasted over 4 times longer. Scanning electron
microscope images of an encrusted catheter can be seen in Figure A-2 of the appendix. While these
results are good, a method needs to be developed in order to increase urine citrate concentration in
a clinical setting. In addition, increasing citrate concentration does not affect the ability of bacteria
to cause urinary tract infections. A different approach was then explored in order to stop the source
of the problem; the bacteria.
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3.0 METHODOLOGY
3.1 Overview
3.1.1 Problem solution
Proteus mirabilis is a bacterium that exists in the gastrointestinal tract and in a variety of
soils. Upon entering the urinary tract with a catheter, it gains the ability to differentiate into a
swarming bacterium and travel up the catheter to the bladder. Here it will secrete urease which can
ultimately lead to the catheter becoming encrusted in calcium/magnesium phosphate. It can then
travel further to the kidneys where it will cause urinary tract infections and chronic kidney disease.
For this research, this scenario can be prevented by destroying the source; the adhesion and
differentiation of Proteus mirabilis. This will be accomplished by functionalizing the catheters
with antibacterial coatings.
So what makes a coating antibacterial? Bacteria have no problem forming on a hydrophilic
surface with a high surface energy. They can also secrete a variety of exopolymers to anchor to
hydrophobic surfaces. Previous research has shown that amphiphillic molecules, especially when
positively charged, possess strong antibacterial properties. Why would amphiphillic molecules
inhibit the adherence of these bacteria? The answer can be found in the cell membrane of Proteus
mirabilis. Proteus mirabilis is gram-negative bacteria. These bacteria have a lipopolysaccharide
membrane consisting of three different zones: lipid A, core polysaccharide, and outer antigen [42].
This structure can be seen in Figure 3.1. Lipid A is mostly hydrophobic and is the part that anchors
the membrane to the bacteria. The other two zones are variable but are mostly hydrophilic and
contain polysaccharides and phosphate groups. This makes the bacteria amphiphillic as well. An
amphiphillic molecule is needed to penetrate and disrupt this membrane due to its functionality.
In addition, the phosphate groups of the bacterial membrane are negatively charged. Therefore,
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cations should increase membrane disruption. Hoque et al. [43] tested this theory on gram-negative
bacteria. They synthesized amphiphillic cationic molecules and tested their antibacterial
properties. It was found that the long alkyl chains interacted with the surface of the gram-negative
bacteria. The cation aided in the permeation due to the opposing charges of the molecule and the
bacterial membrane. This led to the death of the bacteria without resistance through evolution. In
addition, minimal toxicity was found from the amphiphillic molecules. While these results are
promising, these molecules were not bound to the surface of a medical device. Therefore, this is
still not a long-term solution for indwelling urethral catheters.

A

B

Figure 3.1: (A) A sample structure for a lipopolysaccharide outer membrane of gram-negative
bacteria. The complex amphiphillic structure provides stability for the rest of the bacteria.
Disruption of this membrane ultimately leads to bacterial death. (B) A sample structure of Lipid
A. The hydrocarbon chain firmly anchors the membrane to the bacteria while negatively charged
phosphate groups stabilize the membrane [48].
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In this thesis, the amphiphillic molecule is chemically crosslinked to the catheter via an
intermediate coating of polydopamine. Dopamine has the ability to self-polymerize under
oxidative conditions at a pH of about 8.5. This causes it to form a strong adhesive layer on almost
any surface [29, 35]. For this case it will be silicone rubber, or PDMS. This material is chosen as
it is a common catheter material. The next step is to attach the surfactant (amphiphillic molecule)
to the polydopamine coating. Thiol and amine groups have the ability to form strong covalent
bonds with the catechol group of polydopamine [29]. Therefore, the ideal surfactant will have both
hydrophilic and hydrophobic groups, and must also be terminated with a thiol or amine functional
group.
In addition to being amphiphillic, some coatings tested in this research avoid reactive
functional groups such as hydroxyl groups, carboxylate groups, thiols, and amines. This is done to
prevent bacteria from forming chemical bonds with the surface via secretions. Cationic coatings
are also tested for their bacterial inhibition properties. As mentioned before, many gram-negative
bacteria such as Proteus mirabilis have lipopolysaccharide membranes that contain negatively
charged phosphate groups. A cationic coating could produce a driving force leading to disruption
of the bacteria membrane due to opposing charges. Ilker et al. [32] synthesized cationic
amphiphillic polymers of norbornene derivatives. It was found that these polymers provided
significant bacterial inhibition due to the amphiphillic nature of the molecule as well as the
aggregation of the positively charged polymer and the negatively charged bacterial membrane
leading to disruption of the bacteria membrane.
Amphiphillic and cationic coatings were not the only surface treatment methods tested in
this research. An omni-repellent surface was also investigated for its antibacterial properties.
Unlike the previously mentioned coatings, the mechanism for the antibacterial properties of this
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surface is not membrane disruption. An omni-repellent material repels both hydrophobic and
hydrophilic materials. Polydopamine was not needed as an intermediate layer for this coating.
Fluorocarbons were covalently grafted to an oxidized PDMS surface for this method. These
molecules have an extremely low intermolecular attractive force and surface energy. The
mechanism of this coating is to simply repel the bacteria and anything it secretes.
Ideally these coatings will be directly grafted onto the surface of a catheter. However due
to the cylindrical shape and amorphous nature of a urethral catheter, characterizing and testing the
surface will be difficult. In order to characterize the surfaces, the coatings were done on a flat
PDMS substrate. It is easier to characterize however since it is flat and its rigidity can be controlled
through polymerization. Testing was done on actual catheters and can be seen in Figures A-3 and
A-4 in the appendix. Quantification was not done for these samples. The fabrication and
preparation of the PDMS will be explained in the methods section below.
As mentioned before, a polydopamine layer is necessary so that surfactants can be
covalently bonded. This occurs through Michael Addition and Schiff Base mechanisms [29]. The
quinolone group of the polydopamine provides the correct functionality to make this feasible. This
general reaction can be seen in Figure 3.2 below. Zeng et al. [40] used polydopamine as an
intermediate layer in this way by covalently binding amino terminated polyethylene glycol to a
polydopamine coated capillary. This resulted in a stable coating that was able to significantly
reduce protein absorption. Murthy et al. [31] grafted polyethylene oxide to oxidized silicon wafers
using siloxane tethers in a grafting toluene solution. This can be an alternate coating method for
the catheters that do not need dopamine.
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Figure 3.2: The catechol group of the polydopamine provides covalent binding sites for thiol and
amine functional groups [30].

3.1.2 Antibacterial Coatings
A variety of different coatings were tested on PDMS for their ability to prevent
biofilm formation on the surface. Most rely on their amphiphillic nature to inhibit biofilm
formation by reducing surface tension of the surrounding body fluid, leading to increased
permeability of the bacterial cell membrane. A list of these coatings tested can be seen in Table 1.
These chemicals include diamino polyethylene glycol (see C-2), 11-mercapto-1-undecanoic acid
(see C-3), and hexedecylamine (see C-1). All these molecules have either a thiol or amine group
that can covalently bind to polydopamine. In addition, diamino polyethylene glycol (APEG) was
crosslinked with 11-MA. The crosslinking was done between the carboxylate group of 11-MA and
the 2 amino groups of the APEG. Due to the flexibility of the APEG, the molecule wraps around
so that both the amino groups covalently bind to the 11-MA. It is important that the second amino
group attaches to the polydopamine surface, so it is not exposed to the bacteria. The addition of
the APEG provides a more amphiphillic surface without exposing any reactive functional groups
for the bacteria. A cationic coating was also tested. 11-mercaptoundecyl trimethylammonium
bromide (11-MTA) contains a thiol group for covalent attachment to polydopamine. It also has a
quaternary ammonium cation which has shown to have good antibacterial properties. The cationic
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nature of this chemical is expected to provide a higher probability of disrupting the membrane due
to the negative charge of the bacteria. Zwitterionic cell membranes of normal cells will not be
harmed due to their charge.
One additional coating method was tried that did not utilize an intermediate polydopamine
layer. The coating was done through silanization of an oxidized PDMS layer. Silanization is a
covalent bonding technique between a hydroxyl group and an alkoxysilane or trichlorosilane [41].
This technique allows a wide variety of surface functionalizations to be performed on a PDMS
surface. The last coating to be tested in this paper is the fluorocarbon trichloro-perfluorooctyl
silane (F-TCS). This will create a superhydrophobic surface which is expected to prevent bacterial
adherence due to its omni-repellent nature.
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Table 3.1: Antibacterial Coatings
C-1
Hexedecylamine
(HDA)
C-2
diamino-polyethylene glycol
(A-PEG)
C-3
11-mercapto-1-undecanoic acid
(11-MA)
C-4
11-mercapto-1-undecanoic acid crosslinked
with diamino polyethylene glycol
(11-MA x A-PEG)
C-5
11-mercaptoundecyl trimethylammonium
bromide
(11-MTA)
C-6
trichloro-perfluorooctyl silane
(F-TCS)
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3.2 Polydimethylsiloxane polymerization
PDMS was polymerized from a silicone elastomer base (Sylgard) and silicon
elastomer curing agent (Sylgard). The silicone elastomer base and curing agent were added to a
glass plate in a 10:1 v/v ratio. The viscous solution was mixed with vigorous stirring for 10 minutes
to ensure a homogenous solution. The plate was then placed in a desiccator for 60 minutes to
remove any bubbles that formed in the PDMS solution. The plate was then cured at 120˚C for 60
minutes in order to polymerize the solution. After curing, the PDMS substrates were subjected to
various coatings. After coating was applied, they were punched into cylinders of 9.8 mm and
inserted into wells of a 48 well plate for antibacterial testing.
3.3 Polydimethylsiloxane pre-treatment and polydopamine coating
In order to overcome these issues of the PDMS substrate in this research, four
different pre-treatments were used on PDMS to enhance the polydopamine adhesion. The first
method was the control where no pre-treatment was used. A second method of pre-treatment was
used where the PDMS was first cleaned with 95% ethanol (99.5% Pharmco Aaper) for 30 minutes.
The third method of pre-treatment tried was to oxidize the PDMS surface with a plasma oxidizer
for 5 minutes. The fourth pre-treatment was to chemically oxidize the PDMS. The oxidation
solution used was a 3:1:1 (v:v:v) solution of deionized water: 37.1% hydrochloric acid (Fisher
Scientific): 31.8% hydrogen peroxide (Fisher Scientific). Oxidation was performed at room
temperature for 10 minutes.
Immediately after the pre-treatment, the substrates were placed in a polydopamine solution.
The solution contained 2 g/L of dopamine hydrochloride (Sigma Aldrich) in a 10mM tris buffer.
The tris buffer had a pH of 8.5, an alkaline pH to induce dopamine polymerization. One liter of
this buffer was prepared by dissolving 1.2 grams of tris (99.9% Fisher Scientific) in 1 L of DI
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water. The pH was adjusted to 8.5 with hydrochloric acid. The solution was stirred at 170 rpm and
allowed to react for 48 hours. The substrates were then washed 3 times with DI water, and dried
on bench overnight.
3.4 Polydopamine Characterization
3.4.1 Color Assay
A test was done to determine how dark the PDMS substrate became after coated with
polydopamine. Optical images were taken from each substrate after being washed three times with
tris buffer and air dried. Images were taken with no shadows and no changes in ambient light. They
were quantified by measuring pixel intensity of approximately 100,000 adjacent pixels in imageJ.
A lower pixel intensity corresponded to a better polydopamine coating.
3.4.2 Contact Angle
Contact angles were measured for uncoated PDMS as well as for the four different pretreated polydopamine coated surfaces. 2 uL of DI water was dropped on each surface. The angle
was measured from the base of the droplet using a Rame Hart Model 100 Goniometer. Each surface
was measured twice and averaged.
3.4.3 Fourier Transform Infrared Spectroscopy
The surfaces of the substrates were measured using Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy. The instrument used for this measurement was a Nicolet Magna
560. Scanning was performed on wavelengths ranging from 0 to 4000 cm-1. Background spectra
were obtained after the material was scanned. The stretching and bending vibrations at the
molecular level were analyzed at the surface of the material.
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3.5 Surface Functionalization
3.5.1 Coating on Polydopamine
After dopamine surface deposition, the substrates were washed three times with DI water
and air dried. They were then functionalized with various molecules. Solutions of 1 g/L APEG
(Sigma Aldrich), 11-MA (95% Sigma Aldrich), HDA (98% Sigma Aldrich), and 11-MTA (Sigma
Aldrich) were separately prepared in 95% ethanol. The polydopamine coated PDMS substrates
were immersed in the solutions containing the chemicals. The reactions were done at 60˚C and
were stirred at 170 rpm. The reaction proceeded for 48 hours. The coated substrates were then
washed with 95% ethanol and DI water 3 times prior to characterization and antibacterial testing.
3.5.2 Crosslinking
Polydopamine coating substrates were functionalized with 11-MA the same way as the
previous section. APEG was then grafted to the bound 11-MA. This was performed through a
crosslinking reaction between the carboxylic acid group of 11-MA and the amino groups of APEG
catalyzed by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), as shown in Table 1 C. A
solution of 2.5 g/L EDC (98% Acros Organics) in an MES (98% Fisher Scientific) buffer was
prepared at a pH of 5.5. The 11-MA coated substrates were added to this solution for 1 hour and
stirred at room temperature. This was done to activate the carboxylic acid groups of 11-MA prior
to crosslinking. A solution of 1 g/L of APEG in a PBS buffer was prepared with a pH of 5.0. The
activated substrates were then placed in this solution and stirred at room temperature. This reaction
proceeded for 5 hours. The substrates were then washed with DI water for 3 times prior to
characterization and antibacterial testing.
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3.5.3 Ninhydrin Test
A 1 mg/ml solution of ninhydrin (Sigma Aldrich) was prepared in ethanol. The substrates
with the crosslinked coating and the APEG were then placed in the solution for 20 minutes and
heated to 60˚C. The substrate was then washed with ethanol and air dried. The substrates were
then visually observed for a purple stain indicating free amino groups.
3.5.4 Chemical Vapor Deposition
One other coating was tested that did not use an intermediate polydopamine coating. FTCS was grafted directly onto oxidized PDMS. PDMS surfaces were first chemically oxidized
with a solution of 3:1:1 (v:v:v) DI water: 37% HCl: 30% H2O2 for 10 minutes at room
temperature. The PDMS was then washed with DI water and dried under nitrogen. During this
process, 50 uL of F-TCS (97% Sigma Aldrich) was placed inside a sealed glass chamber and was
heated to 250˚ Celsius to boil the chemical. The oxidized PDMS surfaces were placed in this
chamber and reacted with the F-TCS through chemical vapor deposition for 15 minutes. The
chamber was then allowed to cool to room temperature and the coated substrate was washed 3
times with DI water prior to characterization and antibacterial testing.
3.6 Surface Characterization
3.6.1 Contact Angle
Contact angles were measured for all the coatings. Just like the contact angle measurements
for the polydopamine coated surfaces, 2 uL of DI water was dropped on each surface. Angles were
measured from the base of each drop using a Rame Hart Model 100 Goniometer. Measurements
were recorded twice on each surface and averaged.
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3.6.2 Surface Energy
Five liquids were used for measuring the surface energy. The contact angles of each surface
were measured with DI water (72.8 mN/m), 2-aminoethanol (48.9 mN/m, 99% Acros Organics),
dimethylformamide (37.1 mN/m, 99.8% Acros Organics), toluene (28.4 mN/m, 100% J.T. Baker),
and ethanol (22.1 mN/m). The surface energy was then determined from the Sessile Drop Method.
See the discussion section for information of the Sessile Drop Method.
3.6.3 Fourier Transform Infrared Spectroscopy
The coated surfaces were analyzed though Fourier transform infrared spectroscopy. The
same instrument was used for the polydopamine characterization. This was done through reflection
mode with in IR microscope. Scanning was performed from 0 to 4000 cm-1. The stretching and
bending vibrations were determined to give quantitative information of the chemical structure of
the surface of the material.
3.7 Antibacterial Testing
3.7.1 Biofilm Formation Assay
The coated PDMS substrates were punched into cylinders of 9.8 mm diameters and inserted
into the wells of a 48 well plate. One liter of Lysogeny Broth was prepared by adding 10 grams of
tryptone (Acros Organics), 5 grams of yeast extract (Sigma Aldrich), and 10 grams of sodium
chloride (99.5% Fisher Scientific) to 1 liter of DI water and then autoclaving at 121˚ C for 45
minutes. A half of a milliliter of the sterile Lysogeny broth was added to each well of the plate
containing the coated surfaces of PDMS. The setup of the plate can be seen in Table 3.2. Six
samples were tested for each surface. Uncoated PDMS and plain polydopamine coated wells
serves as controls.
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Table 3.2: Well Plate Setup

PDMS

PDA

11-MA

11-MA x

PEG

HDA

11-MTA

F-TCS

HDA

11-MTA

F-TCS

HDA

11-MTA

F-TCS

HDA

11-MTA

F-TCS

HDA

11-MTA

F-TCS

HDA

11-MTA

F-TCS

PEG

PDMS

PDA

11-MA

11-MA x

PEG

PEG

PDMS

PDA

11-MA

11-MA x

PEG

PEG

PDMS

PDA

11-MA

11-MA x

PEG

PEG

PDMS

PDA

11-MA

11-MA x

PEG

PEG

PDMS

PDA

11-MA

11-MA x

PEG

PEG

To each well, 10 uL of a concentrated overnight culture of Proteus mirabilis (ATCC 7002)
was added. The plates were incubated for 48 hours at 35˚ Celsius. After the incubation, each well
was washed 3 times with DI water. Two-hundred fifty uL of 0.1% crystal violet (Fisher Scientific)
solution was added to each well for 30 minutes. The wells were then washed again 3 times with
DI water and allowed to air dry. Two-hundred fifty uL of 95% ethanol was then added to each well
for 60 minutes to destain the crystal violet. The optical density of this destained solution of crystal
violet in ethanol was read at 580 nm with a spectrophotometer (BioTek Instruments MQX200,
USA). This value was quantified through comparison to a standard curve in units of % crystal
violet. This test was run in duplicate.
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3.7.2 Live/Dead Assay
A Film Tracer LIVE/DEAD biofilm viability kit containing nucleic acid stains was
purchased from Life Technologies. The fluorescent stains were prepared by adding 3 uL SYTO 9
(3.34 mM in dimethyl sulfoxide, Life Technologies) and 3 uL propidium iodide (20mM in
dimethyl sulfoxide, Life Technologies) for each milliliter of DI water. Biofilm samples were
prepared the same way as in the previous section. Immediately after the biofilm samples were
washed, they were placed on a staining dish. One-hundred uL of the fluorescent stain was gently
dropped on each biofilm surface. They were gently added to not disturb to surface. The samples
were then incubated at room temperature away from light for 15 minutes. The samples and staining
dish were then gently washed with DI water in order to remove any excess stain. Fluorescence
imaging was done at 505 nm for SYTO 9 and 560 nm for propidium iodide. Images were quantified
in imageJ by dividing dead counts by the sum of live and dead counts.
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4.0 RESULTS
4.1 Polydimethylsiloxane Polymerization
The resulting PDMS after curing was a flexible and transparent polymer. A stamp of the
PDMS can be seen in Figure 4.1 below. An infrared spectrum can be seen in Figure 4.2 below.
Peaks at 780, 1005, and 1250 cm-1 result from the silicone and carbon bonding in the structure.
This confirms the siloxane backbone that makes up polydimethylsiloxane. Figure 4.3 shows a
water contact angle measurement of the polymerized PDMS. The contact angle is 86.3 degrees
indicating a hydrophobic surface. Figure 4.4 shows the surface energy measurement of the PDMS
calculated using the Sessile Drop Method. The surface energy was measured to be 22 mN/m. The
high water contact angle and low surface energy of this polymer show why it is a popular material
for indwelling urethral catheters.

Figure 4.1: Front view of polydimethylsiloxane after it is finished curing (A). PDMS is a
transparent polymer with a similar surface to a typical urethral catheter. b. Side view of the
polymerized PDMS (B). A PDMS substrate being bended (C). Polymerized silicone rubber has
elastic properties similar to a urethral catheter.
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Figure 4.2: The FTIR spectrum of the polydimethylsiloxane after the curing was completed.

Figure 4.3: Water contact angle of PDMS. An angle of 86.3 degrees was measured. This angle
indicates a hydrophobic surface as a result of the siloxane bonding.
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Figure 4.4: Surface energy measurements of PDMS. The surface energy was measured from the
sessile drop method. Contact angles were measured with known surface tensions on the surface of
the PDMS. The cosine of this angles were plotted against the surface energies of these liquids. A
best fit line was extrapolated to the cosine of 0 = 1. This is the theoretical liquid that completely
wets the surface of the PDMS, and is therefore the surface energy of the PDMS. It was measured
to be 22 mN/m.

4.2 Polydimethylsiloxane Pre-treatment and Polydopamine Coating
As soon as the dopamine hydrochloride was added to the tris buffer, the solution remained
colorless and clear. The solution eventually turned black after a 6 hour period of coating. Black
aggregates in the solution were also visible during this point. Figure 4.5 below shows the
polymerization 6 hours in. After coating, the coated substrates turned brown. The darkness of the
coating varied for each substrate and depended on the pretreatment used. After washing 3 times in
DI water to remove the black aggregates, 4 different pretreatments were attempted on the PDMS
in preparation for the polydopamine coating. No pretreatment lead to a light brown coating. All
the other pretreatment methods lead to a much darker and fuller coating on the PDMS. The
pretreatments yielded a more hydrophilic and more accessible surface for the polymerization to
take place on. These were quantified using the histogram feature of imageJ. The coating method
with no pretreatment yielded a brightness intensity of 200. The other three methods were the
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PDMS was first oxidized yielded brightness intensities ranging from 110 to 121. The darker color
indicates a fuller, thicker coating. This results can be seen in Figure 4.6 below.

Figure 4.5: Dopamine hydrochloride in a pH = 8.5 tris buffer after being stirred for 6 hours. The
solution gradually darkens as the polymerization proceeds.

Figure 4.6: (Top) Optical images of PDA coated PDMS. (Bottom) Histograms of pixel intensity.
Oxidizing the PDMS prior to dopamine polymerization leads to a better coating by first making
the surface more hydrophilic and increasing the surface energy.

4.3 Polydopamine Characterization
Although the exact structure is not known, polydopamine is a polymer that does have both
amine and hydroxyl functional groups. As a result, it makes that surface it coats hydrophilic.
Contact angles were measured to determine how much more hydrophilic the surface became in
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comparison to the hydrophobic PDMS. These angles can be seen in Figure 4.7 below. Replacing
the siloxane backbone on the surface of the polymer with more hydrophilic functional groups lead
to a significant decrease in water contact angle. The angle was reduced from 86.3 to 57.8 degrees.
This result indicated that a full, homogeneous coating of polydopamine resulted on the surface of
the PDMS from the polymerization. Figure 4.8 below shows an FTIR spectrum of the PDMS
surface before and after it was coated with polydopamine. When the polydopamine was coated
onto the surface, 3 new peaks emerged. Amine bending vibrations can be seen at 1410 and cyclic
alkene stretching can be seen at 1610 cm-1. Hydroxyl bending was also seen at 3300 cm-1. In
addition, the silicone peaks lost some intensity after being coated with the polydopamine layer.
Polydopamine was also coated onto real catheters. Figure A-3 in the appendix shows the color and
hydrophobicity difference of uncoated and PDA coated catheters. Figure A-4 in the appendix
shows the SEM/EDS. This confirms the presence of polydopamine with the detection of nitrogen
on the surface. Characterizations were not done on PDA coated catheters due to the cylindrical
surface however.

Figure 4.7: The water contact angle of the PDMS decreased from 86.3 to 57.8 degrees when
coated with a layer of polydopamine indicating a large increase in hydrophillicity.
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C=C N-H

Figure 4.8: FTIR spectrum of bare PDMS and PDA coated PDMS. N-H bending vibrations can
be seen at 1410 and alkene stretching can be seen at 1610 cm-1 for the PDA coated substrate. A
hydroxyl peak can be seen at 3300 cm-1. The silicone peak intensities also decrease when the PDA
is coated onto the PDMS surface.

4.4 Surface Functionalization
Contact angles of all the coatings can be seen in Figure 4.9 below. APEG had the most
hydrophilic surface with a contact angle of 73.4 degrees. This is due to the hydrophilic
polyethylene glycol that was bonded to the surface. This angle is similar to what was measured for
the polydopamine layer. 11-MA had a water contact angle of 90 degrees. The higher angle is due
to the hydrocarbon chain that the molecule contains. The terminal carboxyl group prevents the
angle from being very high. As expected, when the APEG and 11-MA were crosslinked, the water
contact angle landed between the two at 80.4 degrees. The amphiphillic structure of this molecule
lead to a moderately large contact angle. HDA had a large water contact angle of 99.2 degrees.
Besides the terminal amino group used to covalently bind to polydopamine, the only component
of the molecule is a hydrocarbon chain. This hydrophobic structure lead to the large water contact
angle. 11-MTA had a very large water contact angle. Just like HDA, this molecule contains a
strong hydrophobic component, however, the quartonary ammonium cation increased the contact
40

angle to 106 degrees due to additional carbon. Finally, F-TCS had the largest water contact angle
of 114.5 degrees. This can be expected due to the superhydrophobic fluorocarbon that was coated
onto the surface.
APEG

HDA

11-MA

11-MTA

11-MA x APEG

F-TCS

Figure 4.9: Water contact angles of the PDMS surfaces after they were modified with various
antibacterial coatings.

Figure 4.10 below shows the infrared spectra of each of the coatings. Most of the peaks
have a low intensity due to the fact that the PDMS is still the bulk of the material. A strong carbonhydrogen bending peak can be seen at 2950 cm-1 for 11-MA. This is due to the long carbon chain
of the molecule. A carboxylic acid peak was not found however. This is due to the carboxylic acid
deprotonating and forming a carboxylate salt at 1400 cm-1. A peak for a secondary amine was seen
on the APEG coating at 1590 cm-1. For the APEG coating, the polyethylene glycol peak could not
be seen due to the large presence of silicone in the same region. The hydrocarbon peak has a lower
intensity due to this. A peak can be seen at 1590 cm-1 in the crosslinked coating of 11-MA and
APEG indicating the amide bond formation. The FTIR for HDA showed a higher intensity peak
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at 2950 cm-1 which was once again for the hydrocarbon chain that was coated on the polydopamine
surface. For the 11-MTA coating, an increased carbon-hydrogen peak was seen at 2950 cm-1 as
well as a peak at 1600 cm-1 for the quartonary ammonium cation. A peak at 1220 cm-1 was seen
for the F—TCS coating. This is due to the bending of the carbon-fluorine bond. The carbonhydrogen peak was much smaller in this spectrum in comparison to the others. This is due to each
carbon atom being saturated with non-hydrogen atoms of carbon and fluorine.
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Figure 4-10: FTIR spectra of the antibacterial coatings on a PDMS substrate. The left pictures
show the entire spectrum ranging from 0 to 4000 cm-1. The right pictures show zoomed in parts of
the plot where bending/stretching vibrations can be seen for the particular coating. The bonding
type is indicated in these pictures above.
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Figure 4.11 shows the results of the surface energy measurements of both the uncoated PDMS
and the F-TCS coating. When measuring the contact angles, the liquids with higher surface
energies (water, aminoethanol, and DMF) produced similar contact angles on each surface. The
angles were slightly larger on the F-TCS coating. When measuring the contact angles of the liquids
with lower surface energies (toluene and ethanol), the F-TCS had much larger contact angles than
uncoated PDMS. When measuring the surface energies of these materials based on these contact
angles, it was found that PDMS had a surface energy of 22 mN/m and F-TCS had a surface energy
of 13 mN/m. This is an expected result as the carbon-fluorine bond is one of the strongest and most
stable in all chemistry.
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Figure 4.11: F-TCS has a larger contact angle than bare PDMS for all liquids. Surface energy
calculations of PDMS and F-TCS (B). F-TCS has a surface energy of 13 mN/m while PDMS has
a surface energy of 22 mN/m.
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4.5 Ninhydrin Test
Figure 4.12 below shows the substrates of APEG and the crosslinked coating after being
subject to the ninhydrin solution. Neither of the coatings had a visible change in color indicating
that there were no free primary or secondary amines. This shows that both the amines of APEG
were bonded to the polydopamine or 11-MA (for the crosslinked coating.) Due to the dark coating
of polydopamine, trace amounts of stain cannot be detected. However, even if there is a trace
amount, the degree of crosslinking is still very high. Control testing was done to prove the viability
of the ninhydrin test.

Figure 4.12: The substrates on the left (APEG) and right (crosslinked) did not show any trace of
free amino groups. Free amino groups would have stained purple if they were detected.

4.6 Antibacterial Testing
4.6.1 Crystal Violet Assay
This test is a bacteria quantification technique. Crystal violet stains the cell membrane of the
bacteria. The crystal violet is then destained in order to read an absorbance. Four different
destaining solutions were tried: 95% ethanol, 100% methanol, 30% acetic acid, and 0.1% SDS.
Both ethanol and methanol were able to completely destain the crystal violet. Acetic acid and SDS
were not able to destain the crystal violet. Ethanol was chosen as the solvent of choice for
destaining due to its abundance. These results can be seen in Figure A-5. Crystal violet in ethanol
45

was scanned at all wavelengths and found that the maximum absorption was approximately 580
nm. Before the crystal violet assay was conducted, a standard curve was created to quantify the
results. The standard curve followed a linear trend. This curve is able to take the optical density
from the crystal violet solution and quantify it in percent crystal violet.
Figure 4.13 below shows the results of the crystal violet test. A higher absorbance means
more crystal violet and more bacterial adherence. A substrate with a polydopamine layer had
slightly more bacteria on it than bare polydopamine with 0.0023% crystal violet. Both 11-MA and
F-TCS had similar biofilm values as bare PDMS with crystal violet percentages of 0.0018% and
0.0019%. HDA and 11-MTA had the least amount of biofilm with crystal violet percentages of
0.0013% and 0.0016%. PEG and 11-MA x PEG had the most amount of biofilm with crystal violet
percentages of 0.0032% and 0.0030%. Compared to PDMS, the amount of crystal violet on HDA
and 11-MTA is significantly lower, but the value on PEG and 11-MA x PEG is significantly higher.
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Figure 4.13: (Top) Absorbance values for each of the coatings from the crystal violet test. These
values are converted to % crystal violet from a standard curve. (Bottom) P-values are based on a
95% confidence interval. P-values shown in red indicate there was significantly more biofilm on
that coating than PDMS. P-values shown in green indicate there was significantly less biofilm on
the coating than PDMS. Coatings with values in black are not statistically significant.

4.6.2 Live/Dead Assay
Figure 4.14 shows the results of the Live/Dead results obtained from confocal microscopy.
The green indicates all bacteria on the surface of the substrates. The red indicates only the bacteria
with membranes no longer intact. The graph shows the percentage of the bacteria on the surface
that are dead. On bare PDMS, 35% of the bacteria were dead, and on PDA, only 24% were dead.
The 11-MTA coating was by far the most efficient killing over 90% of the adhered bacteria. 11-
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MA x APEG had a fairly good rate of 61% dead. The rest of the coatings did not kill the bacteria
any better than PDMS except for the F-TCS coating which killed 46% of the bacteria.
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Figure 4.14: (Top) Confocal microscopy images of bacteria with each coating. SYTO 9 (green
stain) stains all bacteria on the surface green. Propidium Iodide (red stain) stains bacteria with
disrupted membranes on the surface red. (Bottom) Percentage of bacteria on each surface that are
dead. 11-MTA overwhelmingly performed the best by killing over 90% on the bacteria on the
surface.
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5.0 DISCUSSION
5.1 Polydimethylsiloxane polymerization and polydopamine coating
Prior to using PDMS as a substrate for coating characterization and antibacterial testing,
actual silicone coated catheters were tested. While using actual catheters to test these coatings
seemed to be the best approach, multiple problems were encountered. First, it is difficult to
characterize the coating on a curved surface. Water contact angles, FTIR, and surface energy
measurements could not be accurately measured on a cylindrical surface. The curvature of the
catheter surface distorted the angle of the water droplet. On more hydrophobic coatings, the water
drop just rolled off the surface of the catheter due to limited surface contact area.
Problems were also encountered during the antibacterial testing. When the coated catheters
were incubated in Proteus mirabilis solutions, they would float in some instances. This is due to
the similar densities of the catheter and the bacteria culture solution. This leads to the catheters not
being equally exposed to the bacteria.
PDMS proved to be much easier to work with and provided much better characterization
and antibacterial information. FTIR confirmed that the surfaces were made up of the same material.
The flat surface of the PDMS allowed for accurate measurements of contact angles confirmed by
imageJ. Even though the PDMS was the same material as the catheter, it did not float when in the
bacteria solution as it fit tightly in the wells of a 48 well plate. This led to a constant surface area
being exposed to the bacteria solution.
As previously discussed, the polymerization of dopamine has the ability to form an
adhesive coating on almost any surface. While this is true, it polymerizes on some surfaces better
than others. Yang et al. [34] polymerized polydopamine on different surfaces and found that
dopamine is easy to be polymerized on metals and rigid polymers. When dopamine is polymerized
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on PDMS, a thin, brittle coating resulted. This is likely due to the hydrophobicity, low surface
energy, and low elastic modulus of the PDMS. Zeyfert et al. [37] also encountered this problem
when performing dopamine polymerization on styrene, divinylbenzene, and 2-ethylhexyl acrylate.
Highly porous polymers with interconnected pores were created to enhance cell culture. Due to
the high styrene content (60% by weight), this polymer has low surface energy and low
hydrophillicity. A polydopamine layer was coated on the polymer to enhance further
functionalization. This was however difficult due to the polymer surface energy and
hydrophobicity. When pretreating the polymer with ethanol or plasma oxidation prior to
polydopamine polymerization, a much fuller coating resulted.
The same hydrophobicity problem was encountered in this work using PDMS. This
problem was also encountered with the catheters since they are the same material. The
hydrophobicity and low surface energy made it difficult to form a polydopamine layer on the
PDMS. Without any pre-treatments, a layer did form. However, it was a thin layer as the surface
barley became any darker. Making the surface more hydrophilic was essential to increase the
surface energy. This led to a much greater PDMS surface interaction with the dopamine
hydrochloride solution. Ethanol cleaning, plasma oxidation, and chemical oxidation all contributed
to the increase in surface energy of PDMS. As a result, a much darker and fuller polydopamine
coating resulted, which was consistent with the observations reported by Zeyfert et al [37]. This
surface treatment proved to be very effective. The polymerization process occurred through simple
immersion of the substrate into the solution. The reaction can easily occur at room temperature as
well. When coated on a substrate it is also extremely stable in an aqueous environment for a long
period of time. It has also been shown to be biocompatible in vivo [47].
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5.2 Surface functionalization and characterization
Polydopamine has the ability to form an adherent layer on almost any material. It acts as
an intermediate layer so that further functionalization is possible. The catechol group of
polydopamine provides further reactivity to amine and thiol functional groups. The polydopamine
layer proved to be an essential intermediate layer for most of the coatings to be formed on PDMS.
Its chemical structure allows it to be covalently bonded through Michael Addition and Schiff Base
reactions with thiol and amine functional groups. For this reason, the coatings tested needed to
have one of these groups to be grafted to the polydopamine, with the exception of the vapor phase
deposition. By immersing the polydopamine coated substrate into a coating solution for at least 24
hours, a covalent bond was formed between the polydopamine layer and the amine/thiol functional
group of the coating. This is consistent with previous research reported by Zeng et al [40]. The
reaction had no trouble occurring at 60˚ C. The thiol seemed to be more reactive than the amine
with polydopamine, and could occur at room temperature. This could be due to the lower
electronegativity of the thiol group.
A ninhydrin assay was carried out for the APEG coating to prove that both amine groups
bonded to polydopamine. Similarly, this same assay was carried out for 11-MA x APEG to prove
that both amine groups formed amide bonds. This is important because if one of the amines is free,
this could promote bacteria formation on the coating. A ninhydrin test is able to detect free primary
and secondary amine functional groups. The ninhydrin stains the material surface a dark blue or
purple color. This is due to Ruhemann’s Purple being produced by reacting with amines. The
ninhydrin test was able to show that there were no free amine functional groups. Based on the
results, it is prospected that both the amine groups were able to bind to the polydopamine surface
or the carboxylate group of 11-MA. This is due to the flexibility of the PEG chain that makes up
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the rest of the molecule. Once one amine group binds to the surface, the other one is able to wrap
around and bind as well. The ninhydrin was unable to detect any free amine groups, which further
confirm this structure. Due to the dark layer of polydopamine layer however, trace amounts of
purple dye might not be detected. Therefore, making a structural conformation is impossible using
this test.
The F-TCS coating was done through a chemical vapor deposition method similar to Ghosh
et al. [38]. Chemical vapor deposition is a chemical reaction method that involves coating a
chemical in the gas phase onto a solid surface. This can be done by either increasing the
temperature or increasing the partial pressure of the chemical [39.] In this research, a wet chemical
method was attempted for this coating prior to the chemical vapor deposition. The oxidized PDMS
substrates were placed in a solution of 1 g/L of a trichlorosilane fluorocarbon powder in toluene.
The solution was stirred at 170 rpm and allowed to react for 30 minutes at room temperature. After
the 30 minutes, the PDMS unfortunately swelled in the toluene. This is due to the hydrophobicity
of PDMS in toluene. A more hydrophilic solvent could not be used because toluene was one of the
few solvents able to dissolve fluorocarbons. Since this coating could not be done through a wet
chemical reaction, chemical vapor deposition was employed instead. Problems were also
encountered during the vapor phase deposition. Even if the PDMS substrate was only in a heated
chamber for 15 minutes, it was still enough time to induce some melting at the surface. Due to the
viscoelastic properties of PDMS, the surface became sticky during cooling after heating. This
made it impossible to eliminate the byproduct of HCl as it likely became trapped in the surface
when the PDMS cooled. HCl was detected on the surface of the coated samples during the crystal
violet assay. This was proved since crystal violet is a pH indicator. Crystal violet turns pink when
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the pH is less than 3. This can be seen in Figure 5.1. The viscoelastic surface and presence of HCL
likely affected the antibacterial properties of F-TCS.

Figure 5.1: (Left) PDMS stained in crystal violet after bacterial incubation. (Right) F-TCS stained
in crystal violet after bacterial incubation. The pink color of the crystal violet on F-TCS is due to
the presence of HCl. The HCl could not be removed due to sticky surface from the viscoelasticity
of the PDMS.

The contact angle measurements for each coating further confirmed the theory stated
above. The bare polydopamine surface being hydrophilic produced a contact angle of only 44˚.
This was slightly lower than what was reported by Jiang et al. [49], an angle of 54˚.This angle
increased with each coating that was tested. The angle increase was proportional to the amount of
hydrocarbons in the molecule due to the hydrophobicity of the aliphatic carbon-carbon structure.
The angle for the F-TCS even increased over the base PDMS. This is expected due to the
fluorocarbon bonding in this molecule. The presence of HCL could slightly decrease the contact
angle however.
FTIR also confirmed the successful covalent bonding of the chemicals. Small peaks for
stretching and bending vibrations were seen on the FTIR graph to confirm their presence. The CH peak at 2950 cm-1 increased for each coating in comparison to the polydopamine due to the
presence of hydrocarbon content in each coating. Amine/amide peaks were observed in APEG,
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and 11-MA x APEG coatings at 1610 cm-1. Fluorine-carbon peaks at 1220 cm-1 were detected in
the F-TCS coating. The only coating that did not show the expected peaks for its structure was 11MA. The carboxyl peak at 1700 cm-1 was not seen. This was due to the pKa of 6.5 of the chemical.
Since this pKa is less than a neutral pH of 7, the carboxyl end group deprotonated yielding a
carboxylate salt. The peak at 1400 cm-1 shows this structure. Unfortunately the peaks for all these
coatings were very small due to the large peaks from the underlying silicone. Still, they were large
enough to confirm that a covalent bond was successfully formed.
While the majority of the coatings aim to disrupt the cell membrane of the bacteria, F-TCS
acts to completely prevent contact with the bacteria. For this reason, the surface energy was
measured for F-TCS. A coating with a lower surface energy leads to less interactive surfaces. This
measurement was done using the Sessile Drop Technique. This technique determines the
theoretical liquid that completely wets the surface. That liquid would then have the same surface
energy as the surface of the solid. This technique is done by measuring the contact angle with
liquids of known surface energies, and then plotting the cosine of the measured contact angle
versus the surface energy of the liquid. After plotting a best fit line from this data, the line can be
extrapolated to the cosine of 0˚. This would be the surface energy of a liquid that completely wets
the surface and is also the surface energy of the solid. The surface energy measurements for this
molecule were able to show that this coating was indeed more hydrophobic, lipophobic, and more
inert than PDMS. The values were consistent with those reported in literature [50].
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5.3 Antibacterial Testing
5.3.1 Crystal Violet
A method for quantifying the crystal violet was based on work from Metzger et al [36]. The
inhibition of biofilm formation was the primary objective of these coatings. The crystal violet
assay provided very useful information on how these coatings are able to accomplish this goal.
The crystal violet was able to stain the membranes of the bacteria with a violet color. In addition,
the crystal violet was able to be destained with ethanol and then quantified through spectroscopy
by determining its optical density. By knowing the surface area of the PDMS and the amount of
ethanol used to destain the crystal violet, the bacteria could be quantified by percentage of crystal
violet.
The two best coatings that inhibited biofilm formation were HDA and 11-MTA. They have
similar structures in that they both have an end group to graft to polydopamine and they both have
aliphatic hydrocarbon chains. The aliphatic hydrocarbon structure makes it very difficult for
bacteria to adhere to and grow on the surface. 11-MA performed similarly in comparison to PDMS.
The negative charge formed through deptrotonation of the carboxyl group was able to inhibit the
negatively charged phosphate groups of the bacteria. The difference was not statistically
significant in comparison to PDMS however. The two coatings utilizing APEG did not inhibit
biofilm formation as well as PDMS. A possible explanation for this is the presence of free amino
groups. A ninhydrin assay showed no presence of free amino groups. However, the polydopamine
coating could have affected these results due to the dark color on the surface preventing
visualization of a purple stain. F-TCS had similar biofilm results to PDMS. The viscoelastic
properties, melting of the PDMS surface and the presence of HCl could have had a negative impact
on the coating of the performance.
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5.3.2 Live/Dead Assay
The fluorescent assay was based on a protocol reported by Park et al [46]. SYTO 9 and
propidium iodide stain all bacteria membranes and only the lysed ones respectively. This test was
able to successfully show if each coating was causing damage to the membranes on each bacterium
surface. The polydopamine coating was the least lethal of all coatings (24%). This is expected due
to the catecholamine functionality at the surface being very biocompatible. For this reason, this is
only an intermediate coating for other chemicals and not an antibacterial coating.
11-MA did not lyse the bacteria membranes very well, which yielded a fatality rate of only
26%. It was mentioned before that due to the neutral pH in the bacteria solution, the terminal
carboxyl group deprotonates to form an anionic carboxylate salt. This negative charge likely repels
the phosphate groups of the bacteria leading to minimal cell death. For this reason, it did perform
well on the crystal violet assay however. The APEG coating also did not have a high fatality rate
(34%). PEG has been well known to be an antifouling coating, not a coating that lyses bacteria cell
membranes. This is consistent with results reported by Zeng et al. [40]. It is not surprising that
APEG did not perform well in the live/dead test.
11-MA x APEG on the other hand performed the second best of all coatings (61%). Adding
aliphatic hydrocarbon chains proved to be important in causing bacteria membrane permeation.
This could be due to the amphiphillic structure of the molecule. Unfortunately, there was an
abundant amount of bacteria on this surface both live and dead, likely due to a free amino group
as mentioned before. HDA performed the best during the crystal violet test, however, it only killed
about 30% of the bacteria on the surface. This suggests that a hydrophilic component might be
needed for a molecule to permeabalize the membrane of gram-negative bacteria.
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The 11-MTA coating was by far the best and lysing the bacteria membrane by killing over
90% of the bacteria. This indicates that the quartonary ammonium cation was lethal to the bacteria
surface. The cationic surface interacts with the negatively charged phosphate groups of the bacteria
essentially impaling the bacteria surface with the coating. These results are consistent with
research done by Ilker et al. [32] who found that amphiphillic cationic polymers had high
antibacterial activity. F-TCS did fairly well in killing about 46% of the adhered bacteria. These
results could be skewed due to the hydrophobicity of the surface as the live/dead stain struggled
to stay on the surface.

59

6.0 CONCLUSION
In this research, a variety of antibacterial coatings were characterized and tested. PDMS
was used as a material to mimic the surface of a typical urethral catheter. A mussel inspired
polydopamine coating was used as an intermediate layer to graft most of these coatings through
Michael Addition chemistry. Homogeneous coatings were achieved with confirmation from
contact angle and ATR-FTIR measurements.
It was found through crystal violet measurements that two of the coatings inhibited biofilm
formation significantly better than uncoated PDMS, including HDA and 11-MTA. It was also
found through live/dead assay and confocal microscopy observation that the 11-MTA coating was
by far the best at lysing the membranes of Proteus mirabilis. 11-MTA also performed the best as
an antibacterial coating. From these results, it can be concluded that amphiphillic cationic
molecules are lethal to gram-negative bacteria.
A long-term, effective method to preventing urinary tract infections as well as urethral
catheter encrustation has been developed. 11-MTA covalently binds to a catheter surface via an
intermediate layer of polydopamine. The amphiphillic cationic structure lyses the bacterial
membrane due to the lipid anchor and phosphate groups of the bacteria.
Much more research still needs to be done in this area. Degradation studies must be carried
out to show that the coating does not weaken over time. Polydopamine has been shown to be very
stable in an aqueous environment. Cytotoxicity testing should also be conducted to show that 11MTA does not harm healthy cells. The zwitterionic cell membrane of healthy cells should not be
harmed by cationic head groups however. As well as 11-MTA performed in the antibacterial
testing, it still has a very low molecular weight of 108 g/mole. Increasing the molecular weight
could increase the damage done to the bacterial membrane due to the size of the coating thickness.
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In addition, 11-MTA is a very expensive molecule. A more cost effective polymer should be
identified which will be easier to be commercialized.
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Appendix:
B

A

Figure A-1: The artificial bladder model. (A) A peristaltic pump was used to control the flow rate
of the artificial urine solution. The urine passed through the eyehole of the catheter and out the
bottom until it became blocked. (B) The balloon of the catheter was used to seal the bottom of the
funnel.

Figure A-2: SEM images of different sections of an encrusted catheter. When a catheter is
blocked, it can no longer serve its function to drain urine out of the body.
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Figure A-3: The catheter surface changed from yellow to brown when coated with polydopamine.
The surface was also more hydrophilic when coated with polydopamine as seen by the smaller
water contact angle.

Figure A-4: EDS confirmed the presence of polydopamine with the presence of nitrogen.
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EtOH MeOH AA SDS

Figure A-5: A spectral scan of a 0.1% solution of crystal violet (A). It absorbs at a peak intensity
of 580 nm. Four different methods of destaining crystal violet (B). Ethanol and methanol were
able to completely destain bound crystal violet. 30% acetic acid and 0.1% SDS did not destain
crystal violet. Ethanol was chosen as the chemical to destain the crystal violet because of its ease
of use. A standard curve was used to quantify the crystal violet (C). The amount of bacteria was
determined through percent crystal violet from an absorbance test.

64

References:

[1] D.W. Hukins Preventing encrustation in indwelling urethral catheters. Medical
Device Technology (2005) pg: 25-27.
[2] Norbert Laube, Lisa Kleinen, Jorg Bradenahl, Andreas Meissner Diamond-like
carbon coatings on ureteral stents--a new strategy for decreasing the formation of
crystalline bacterial biofilms? Journal of Urology (2007) pg: 1923-1927.
[3] S.K. Choong, P. Hallson, H.N. Whitfield, C.H. Fry The physicochemical basis of
urinary catheter encrustation. BJU International (1999) pg: 770-775.
[4] N. Ciftçioğlu, K. Vejdani, O. Lee, G. Mathew, K.M. Aho, E.O. Kajander, D.S.
McKay, J.A. Jones, M.L. Stoller Association between Randall's plaque and calcifying
nanoparticles. International Journal of Nanomedicine (2008) pg: 105-115.
[5] D.J. Stickler Bacterial biofilms in patients with indwelling urinary catheters.
Nature Clinical Practice Urology (2008) pg: 598-608.
[6] Darren T. Beiko, Bodo E. Knudsen, James D. Watterson, John D. Denstedt
Biomaterials in Urology. Current Urology Reports (2003) pg: 51-55.
[7] D.J. Stickler, A. Evans, N. Morris, G. Hughes Strategies for the control of catheter
encrustation. International Journal of Antimicrobial Agents (2002) pg: 499-506.
[8] S. Mathur, M.T. Suller, D.J. Stickler, R.C. Feneley Prospective study of individuals
with long-term urinary catheters colonized with Proteus species. BJU International
(2006) pg:121-128.
[9] D.J. Stickler, S.D. Morgan Modulation of crystalline Proteus mirabilis biofilm
development on urinary catheters. Journal of Medical Microbiology (2006) pg: 489-494.
[10] Chelsie E. Armbruster, Harry L. T. Mobley Merging mythology and morphology:
the multifaceted lifestyle of Proteus mirabilis. Nature Reviews Microbiology (2012) pg:
743–754.
[11] S´ergio P. D. Rocha1, Jacinta S. Pelayo2 & Waldir P. Elias1 Fimbriae of
uropathogenic Proteus mirabilis. FEMS Immunology Medical Microbiology (2007) pg:
1–7.
[12] Yi-Ying Lee, Julius Patellis, Robert Belas Activity of Proteus mirabilis FliL Is
Viscosity Dependent and Requires Extragenic DNA. Journal of Bacteriology (2013) pg:
823.

65

[13] Chelsie E. Armbruster, Steven A. Hodges, Harry L. T. Mobley Initiation of
Swarming Motility by Proteus mirabilis Occurs in Response to Specific Cues Present
in Urine and Requires ExcessL-Glutamine. Journal of Bacteriology (2013) pg: 1305.
[14] Tomasz Janek, Marcin Łukaszewicz, Anna Krasowska Antiadhesive activity of the
biosurfactant pseudofactin II secreted by the Arctic bacterium Pseudomonas
fluorescens BD5. BMC Microbiology (2012) pg: 12-24.
[15] Xin Ding, Chuan Yang, Tze Peng Lim, Li Yang Hsu, Amanda C. Engler, James L.
Hedrick, Yi-Yan Yang Antibacterial and antifouling catheter coatings using surface
grafted PEG-b-cationic polycarbonate diblock copolymers. Biomaterials (2012) pg:
6593-6603.
[16] D.P. Barry, M. Asim, D.E. Leiman, T. deSablet, K. Singh Difluoromethylornithine
Is a Novel Inhibitor of Helicobacter pylori Growth, CagATranslocation, and
Interleukin-8 Induction. PLoS ONE (2011) pg: 17510.
[17] www.henryfordhealthproducts.com.
[18] Ajit G. Thomas, Camilo Rojas, Cordelle Tanega, Min Shen, Anton Simeonov,
Matthew B. Boxer, Douglas S. Auld, Dana V. Ferraris, Takashi Tsukamoto, Barbara S.
Slusher Kinetic characterization of ebselen, chelerythrine and apomorphine as
glutaminase inhibitors. Biochemical and Biophysical Research Communications (2013)
pg: 243–248.
[19] Dorota Kowalczuka, Grazyna Ginalskab, Joanna Golus Characterization of the
developed antimicrobial urological catheters. International Journal of Pharmaceutics
(2010) pg: 175–183.
[20] Steven L. Percival, Nora A. Sabbuba, Peter Kite, David J. Stickler. The effect of
EDTA instillations on the rate of development of encrustation and biofilms in Foley
catheters. Urological Research (2009) pg: 205–209.
[21] Paul J. Nowatzki, Richard R. Koepsel, Paul Stoodley, Ke Min, Alan Harper, Hironobu
Murata, Joseph Donfack, Edwin R. Hortelano, Garth D. Ehrlich, Alan J. Russell Salicylic
acid-releasing polyurethane acrylate polymers as anti-biofilm
urological catheter coatings. Acta Biomaterialia (2012) pg: 1869–1880.
[22] Dorota Kowalczuk, Grazyna Ginalska, Agata Przekora. The cytotoxicity assessment
of the novel latex urinary catheter with prolonged antimicrobial activity. Journal of
Biomedical Materials Research (2011) pg: 222-228.
[23] D. Kowalczuk, G. Ginalska, T. Piersiak, M. Miazga-Karska Prevention of biofilm
formation on urinary catheters: Comparison of the sparfloxacin-treated long-term
antimicrobial catheters with silver-coated ones. Journal of Biomedical Materials
Research Part B (2012) pg: 1874–1882.
66

[24] Rachna N. Dave, Hiren M. Joshi, and Vayalam P. Venugopalan Novel Biocatalytic
Polymer-Based Antimicrobial Coatings as Potential Ureteral Biomaterial:
Preparation and In Vitro Performance Evaluation. Antimicrobial Agents and
Chemotherapy (2011) pg: 845–853.
[25] Hans Gollwitzer, Karim Ibrahim, Henriette Meyer, Wolfram Mittelmeier, Raymonde
Busch, Axel Stemberger Antibacterial poly (D,L-lactic acid) coating of medical
implants using a biodegradable drug delivery technology. Journal of Antimicrobial
Chemotherapy (2003) pg: 585–591.
[26] Mohan Venkatesh, Liang Rong, Issam Raad, James Versalovic Novel synergistic
antibiofilm combinations for salvage of infected catheters. Journal of Medical
Microbiology (2009) pg: 936–944.
[27] D. J. Stickler. Chlorhexidine resistance in Proteus mirabilis. Journal of Clinical
Pathology (1974) pg: 284-287.
[28] David J. Stickler, Gwennan L. Jones Reduced Susceptibility of Proteus mirabilis to
Triclosan. Antimicrobial Agents and Chemotherapy (2008) pg: 991–994.
[29] Haeshin Lee, Shara M. Dellatore, William M. Miller, Phillip B. Messersmith MusselInspired Surface Chemistry for Multifunctional Coatings. Science (2007) pg: 426-430.
[30] Gaulthier Rydzek, Pierre Schaaf, Jean-Claude Voegel, Loïc Jierry, Fouzia
Boulmedais. Strategies for covalently reticulated polymer multilayers. Soft Matter
(2012) pg: 9738-9755.
[31] Ranjini Murthy, Courtney E. Shell, Melissa A. Grunlan The influence of
poly(ethylene oxide) grafting via siloxane tethers on protein adsorption. Biomaterials
(2009) pg: 2433–2439.
[32] M. Firat Ilker, Gregory N. Tew, E. Bryan Coughlin Amphiphillic Polymers with
Potent Antibacterial Activity. American Chemical Society (2008) pg: 175-197.
[33] Sriram Sankar, T. Rajalakshmi Application of poly ethylene glycol hydrogel
to overcome latex urinary catheter related problems. BioFactors (2007) 217–225.
[34] Fut (Kuo) Yang and Boxin Zhao Adhesion Properties of Self-Polymerized
Dopamine Thin Film. The Open Surface Science Journal (2011) pg: 115-122.
[35] Rebecca A Zangmeister, Todd A. Morris, Michael J. Tarlov Characterization of
polydopamine thin films deposited at short times by the autoxidation of dopamine.
American Chemical Society (2013) pg: 8619–8628.
[36] S. Metzger Biofilm formation by Enterococcus species of bovinemammary gland
and environmental origins. (2008).
67

[37] Zeyfert, Caroline, Margaret Surface Functionalized Emulsion- Templated Porous
Polymers for In- Vitro Cell Culture. (2010).
[38] Ghosh N, Bajoria, A. Vaidya Surface chemical modification of
poly(dimethylsiloxane)-based biomimetic materials: oil-repellent surfaces. ACS
Applied Materials and Interfaces (2009) pg: 2636-2644.
[39] Nick R. Glass, Ricky Tjeung, Peggy Chan, Leslie Y. Yeo, James R. Frienda
Organosilane deposition for microfluidic applications. Biomicrofluidics (2011) pg:
036501-036507.
[40] Rongju Zeng, Zhaofeng Luo, Dan Zhou, Fuhu Cao, Yanmei Wang A novel PEG
coating immobilized onto capillary through polydopamine coating for separation of
proteins in CE. Electrophoresis (2010) pg: 3334–3341.
[41] Jinwen Zhou, Amanda Vera Ellis, Nicolas Hans Voelcker Recent developments in
PDMS surface modification for microfluidic devices. Electrophoresis (2010) pg: 2–16.
[42] Anton P. Le Brun, Luke A. Clifton, Candice E. Halbert, Binhua Lin, Mati Meron,
Peter J. Holden, Jeremy H. Lakey, Stephen A. Holt. Structural Characterization of a
Model Gram-Negative Bacterial Surface Using Lipopolysaccharides from Rough
Strains of Escherichia Coli. Biomacromolecules (2013) pg: 2014-2022.
[43] Jiaul Hoque, Padma Akkapeddi, Venkateswarlu Yarlagadda, S.S.M. Divakara,
Uppu, Pratik Kumar, Jayanta Haldar Cleavable Cationic Antibacterial Amphiphiles:
Synthesis, Mechanism of Action, and Cytotoxicities. Langmuir (2012) pg:
12225−12234.
[44] Philip N. Rather Swarmer cell differentiation in Proteus mirabilis. Environmental
Microbiology (2005) pg: 1065–1073.
[45] Christopher Coker, Carrie A. Poore, Xin Li, Harry L.T. Mobley Pathogenesis of
Proteus mirabilis urinary tract infection. Microbes and Infection (2000) pg: 497−505.
[46] Hyong Seok Park, Hee Jung Choi, Myoung-Dong Kim, Kyoung Heon Kim Addition
of ethanol to supercritical carbon dioxide enhances the inactivation of bacterial
spores in the biofilm of Bacillus cereus. International Journal of Food Microbiology
(2013) pg: 207–212.
[47] Xiangsheng Liu, Jieming Cao, Huan Li, Jianyu Li, Qiao Jin, Kefeng Ren, and Jian Ji
Mussel-Inspired Polydopamine: A Biocompatible and Ultrastable Coating for
Nanoparticles in Vivo. American Chemical Society (2013) pg: 9384–9395.
[48] http://en.wikipedia.org/wiki/Lipopolysaccharide.
[49] Jinhong Jiang, Liping Zhu, Lijing Zhu, Hongtao Zhang, Baoku Zhu, and Youyi Xu
Antifouling and Antimicrobial Polymer Membranes Based on Bioinspired
68

Polydopamine and Strong Hydrogen-Bonded Poly(N‑vinyl pyrrolidone). American
Chemical Society (2013) pg: 12895-12904.
[50] http://www.surface-tension.de/solid-surface-energy.htm.

69

70

